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Materials and Methods S2 Table S1 : Substrate residues important for MjYcaO recognition S9 Table S2 : Data collection, phasing and refinement statistics S10 Table S3 : Information of YcaO homologs used for the bioinformatics studies S11 Table S4 : Oligonucleotide primers used in this study S12 Figure S1 : Non-enzymatic phosphate production and the MjYcaO background ATPase activity S14 Figure S2 : SDS-PAGE analysis of the proteins used in the study S15 performed on an ÄKTAprime chromatography system (GE Healthcare Life Sciences) with 40 mL buffer containing 1 M NaCl, 25 mM Tris pH 8.0, and a linear gradient of imidazole from 25 mM to 250 mM at a flow rate of 2 mL/min. The resultant fractions were examined visually by Coomassie-stained sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gel and those with higher than 95% purity were combined and concentrated using a 30 kDa molecular weight cut-off (MWCO) Amicon Ultra centrifugal filter. A buffer exchange with 10 × volume of protein storage buffer [50 mM HEPES pH 7.5, 300 mM NaCl, 2.5% glycerol (v/v), 0.5 mM tris(2-carboxyethyl)phosphine] was performed prior to storage. Protein concentrations were determined using both 280 nm absorbance (theoretical extinction coefficients were calculated using the ExPASy ProtParam tool; http://web.expasy.org/protparam/) and a Bradford colorimetric assay using bovine serum albumin as a standard (Thermo Fisher Scientific). Purity was visually inspected by Coomassie-stained SDS-PAGE gel (SI Figure S2 ).
To obtain MjYcaO protein without the MBP-His tag for crystallography study, the aforementioned combined fractions were digested by addition of 1:100 (w/w) tobacco etch virus (TEV) protease and dialyzed concomitantly against buffer containing 300 mM NaCl, 25 mM Tris pH 7.5, and 10% glycerol (v/v). The dialyzed proteins were loaded onto a pre-equilibrated Ni-NTA column to remove the MBP-His tag. The flow-through was collected and concentrated using a 30 kDa MWCO Amicon Ultra centrifugal filter. The resultant proteins were subjected to a Superdex 200 size-exclusion column (GE Healthcare Lifesciences) equilibrated with 100 mM KCl and 20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) pH 7.5 for buffer exchange and purity examination: a single peak was observed by monitoring absorbance at 280 nm.
MBP-tagged McrA peptide expression and purification. MBP-tagged McrA peptide and its variants
were expressed and purified similarly as stated above with the following alterations. The expression cultures were grown to an OD 600 of 1.0 and cooled on ice for 15 min. IPTG was then added to a final concentration of 0.3 mM, followed by an induction period at 18 °C for 1.5 h. Cells were harvested via centrifugation at 4,000 × g for 10 min, washed in buffer containing 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, and 1.8 mM KH2PO4, and resuspended in 30 mL lysis buffer [50 mM Tris-HCl pH 7.5, 500 mM NaCl, 2.5% glycerol (v/v), 0.1% Triton X-100 (v/v)] containing 4 mg/mL lysozyme, 2 µM leupeptin, 2 µM benzamidine HCl, 2 µM E64, and 30 mM phenylmethylsulfonyl fluoride. Cells were lysed by sonication for three cycles (40 s each) at 20% amplitude, with 10 min intervals of gentle rocking at 4 °C.
Insoluble cell material was removed by centrifugation at 17,000 × g for 1 h at 4 °C. The resultant supernatant was loaded onto a pre-equilibrated amylose resin column (NEB; 10 mL of resin per L of cell culture). The column was washed with 30 mL of lysis buffer and then eluted using 30 mL buffer S4 containing 50 mM Tris-HCl pH 7.5, 150 mM NaCl, 2.5% glycerol (v/v), and 10 mM maltose. The eluent was concentrated, buffer exchanged, and its concentration was determined as stated above. Purity was visually inspected by Coomassie-stained SDS-PAGE gel (SI Figure S2) . All crystallographic measurements were collected on a CCD device at an insertion device synchrotron source at Sector 21 ID (LS-CAT, Advanced Photon Source, Argonne National Labs, IL). Data were indexed, integrated, and scaled using XDS 3 , as implemented in the autoPROC suite 4 . Crystallographic phases were determined by the molecular replacement method as implemented in Phaser 5 using the coordinates of previously published MkYcaO structure (PDB entry 6CIB). 1 For each structure, iterative model building was carried out using phenix-refine 6 and further improved by manual fitting and adjustment using COOT 7 . Cross-validation with 5% of the data for the calculation of the free R factor 8 was utilized throughout model building process in order to monitor building bias. The stereochemistry of all models was routinely monitored throughout the course of refinement using PROCHECK 9 . Refinement of the structures made use of TLS parameters. Data collection and refinement parameters are provided in 
Crystallization

HPLC-based kinetics studies and conversion analysis. Reactions were initiated by adding 1 µM
MjYcaO into a mixture of 2 mM Na2S, 5 mM ATP, and The initial rates were then determined, plotted against the substrate concentrations and fitted into the Michaelis-Menten model using GraphPad Prism7 to obtain the steady state kinetic parameters.
The same HPLC method was used to quantify the reactivity of different MjYcaO variants. 10 µM MBP- . To confirm the identity of the resultant nucleotides, 120 µL of 20 µM ATP, ADP, and AMP standards were analyzed via the same method and compared to the reactions using their retention times.
Tandem mass spectrometric (MS/MS) characterization of the MjMcrA-Y(+1)C 11-mer. The
reactions were desalted using a ZipTip and eluted into 80% aq. MeCN. To obtain the hydrolyzed peptide, the reaction mixture was lyophilized (Labconco) and reconstituted in 100 µL H2O 18 (Millipore-Sigma) with 1% formic acid. The subsequent sample was desalted using a ZipTip and eluted into 80% aq. MeCN.
Desalted samples were directly infused into a ThermoFisher Scientific Orbitrap Fusion ESI-MS using an Advion TriVersa Nanomate 100. The MS was calibrated and tuned with Pierce LTQ Velos ESI Positive
Ion Calibration Solution (ThermoFisher). The MS was operated using the following parameters:
resolution, 100,000; isolation width (MS/MS), 1 m/z; normalized collision energy (MS/MS), 70; activation q value (MS/MS), 0.4; activation time (MS/MS), 30 ms. Fragmentation was performed using S7 higher-energy collision-induced dissociation (HCD) at 35%. The resulting data were averaged and analyzed using the Qualbrowser application of Xcalibur software (Thermo-Fisher Scientific).
Modeling studies of TruD and PatD. Each sequence of these YcaOs (Table S3 ) was modeled using the Phyre 2 web server (one-to-one threading mode) 11 using the LynD-leader peptide structure as the template (PDB entry 4V1T) 12 . The computational structure of each YcaO protein was superimposed with
MjYcaO-MjMcrA complex structure (PDB code: XXX using Chimera 1.10.2 13 . The structure of MjMcrA 11-mer was retained in the model structures, and was modified manually for the purpose of demonstration. ). Sequences with 90% or higher identity were conflated into a single node and the SSNs were visualized using the organic layout within Cytoscape 18 . Genomic neighborhood and phylogenetic information were mapped onto the SSN. A diversity-oriented maximum likelihood tree was generated with 1,912 representative YcaO sequences, none of which were more than 40% identical at the amino acid level. These sequences were aligned with MAFFT 19 and the tree was generated by FastTree2 20 with default parameters and visualized using the online interactive tree of life tool (iTOL) 21 .
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Purine nucleoside phosphorylase (PNP)-based analysis. To investigate background phosphate production during the thioamidation reaction, reactions were set up as described previously. 1 Briefly, reactions were initiated via the addition of 1 μM MBP-tagged MjYcaO and 0.2 U/mL PNP (Sigma Aldrich) to a mixture of 300 μM MjMcrA 11-mer peptide substrate, 400 μM of 2-amino-6-mercapto-7-methylpurineriboside (Berry and Associates), 5 mM ATP, and 2 mM Na2S (final concentrations listed for all components) in a buffer containing 125 mM NaCl, 50 mM Tris pH 7.5, and 20 mM MgCl2. Control reactions were initiated in the same way except for certain component(s) being omitted. Reaction temperature was 25 °C and reaction progress was monitored by absorbance changes at 360 nm on a Tecan Infinite M200 plate reader using the kinetic cycle module. Phosphate concentration was calculated based on the resulting purine analog (extinction coefficient at 360 nm = 11,000 M −1 cm
−1
). Reactions were carried out in triplicate and the average curves were plotted in Microsoft Excel. The initial rates were calculated based on the slopes of the linear models constructed by the first four data points. Additional software. The interaction map between MjYcaO and MjMcrA was produced using LigPlot Plus (SI Figure S4 ) 22 . The structure-based sequence alignment (SI Figure S7) were generated using ALINE 23 and secondary structure deduced from the coordinates of the refined MjYcaO-MjMcrA structure using DSSP 24 . 1. Highest resolution shell is shown in parenthesis. 2. R-factor = Σ(|Fobs|-k|Fcalc|)/Σ |Fobs|and R-free is the R value for a test set of reflections consisting of a random 5% of the diffraction data not used in refinement. Table S4 . Oligonucleotide primers used in this study. All sequences provided from 5' to 3', "F" indicates forward primers, "R" indicates reverse primers. Table S3 ) include members that catalyze the formation of thioamides (MjYcaO, MkYcaO, and TvaH), azoline heterocycles (LynD, PatD, McbD, KlpD, TbtG, and TsrH), and macrolactamidines (BmbD). The founding member EcYcaO is also shown. Residues implicated in catalysis are shown with a blue triangle, and the PXPXP motif is indicated with red diamonds. Figure generated using ALINE 23 and secondary structure elements derived using DSSP. ) was used as the edge cutoff. The TfuA-and E1-associated YcaO nodes are colored based on the local co-occurrence of the partner proteins (within 6 open-reading frames). YcaO sequences with Pro-rich C-termini are highlighted with thicker outlines. Representative YcaOs from Table S1 are indicated. (B) A diversity-oriented maximum likelihood tree was generated with 1,912 representative YcaO sequences, none of which are more than 40% identical. These sequences were aligned with MAFFT 19 and the tree was generated using and MjMcrA (tan sticks) complex is superimposed with LynD-leader peptide structure (gray, PDB entry 4V1T).
S11
Primer name Primer sequence
MjYcaO-Y66F-F
GGCATCGCGATTCACTTTGGCAAGGGCGCGAAC MjYcaO-Y66F-R GTTCGCGCCCTTGCCAAAGTGAATCGCGATGCC MjYcaO-Y66L-F GGCATCGCGATTCACCTGGGCAAGGGCGCGAAC MjYcaO-Y66L-R GTTCGCGCCCTTGCCCAGGTGAATCGCGATGCC MjYcaO-Y66G-F GGCATCGCGATTCACGGTGGCAAGGGCGCGAAC MjYcaO-Y66G-R GTTCGCGCCCTTGCCACCGTGAATCGCGATGCC MjYcaO-Y66A-F TCGCGATTCACGCGGGCAAGGGCGCGAACGACATCCAAGC MjYcaO-Y66A-R GCGCCCTTGCCCGCGTGAATCGCGATGCCCTCTTTACCGTC MjYcaO-R86K-F CATGGAAGCGATTGAGAAGTTCAGCGCGAGCTACG MjYcaO-R86K-R CGTAGCTCGCGCTGAACTTCTCAATCGCTTCCATG MjYcaO-R86M-F CATGGAAGCGATTGAGATGTTCAGCGCGAGCTACG MjYcaO-R86M-R CGTAGCTCGCGCTGAACATCTCAATCGCTTCCATG MjYcaO-R86A-F AAGCGATTGAGGCGTTCAGCGCGAGCTACGATAAGAACAAAG MjYcaO-R86A-R CTCGCGCTGAACGCCTCAATCGCTTCCATGCACGCGCTCAC MjYcaO-Y143F-F CGGATGCGGTGTTCTTTCCGACCAGCGGCAAG MjYcaO-Y143F-R CTTGCCGCTGGTCGGAAAGAACACCGCATCCG MjYcaO-Y143L-F CGGATGCGGTGTTCCTGCCGACCAGCGGCAAG MjYcaO-Y143L-R CTTGCCGCTGGTCGGCAGGAACACCGCATCCG MjYcaO-Y143A-F CGGATGCGGTGTTCGCACCGACCAGCGGCAAG MjYcaO-Y143A-R CTTGCCGCTGGTCGGTGCGAACACCGCATCCG MjYcaO-T154A-F TTCGTGGTAACGCCAACGGCCTGGCGAGCGGTAACAACCTG MjYcaO-T154A-R GCCAGGCCGTTGGCGTTACCACGAAACAGCTTGCCGCTGG MjYcaO-R177K-F CCCTGGAAATCATTGAAAAGGATGCGTGGAGCCTGGC MjYcaO-R177K-R GCCAGGCTCCACGCATCCTTTTCAATGATTTCCAGGG MjYcaO-R177M-F CCCTGGAAATCATTGAAATGGATGCGTGGAGCCTGGC MjYcaO-R177M-R GCCAGGCTCCACGCATCCATTTCAATGATTTCCAGGG MjYcaO-W180F-F CATTGAACGTGATGCGTTTAGCCTGGCGGATCTGG MjYcaO-W180F-R CCAGATCCGCCAGGCTAAACGCATCACGTTCAATG MjYcaO-W180V-F CATTGAACGTGATGCGGTGAGCCTGGCGGATCTGG MjYcaO-W180V-R CCAGATCCGCCAGGCTCACCGCATCACGTTCAATG MjYcaO-R278K-F CAACTGCACGGCTTCAAGCGTGACGCGAAGCTG MjYcaO-R278K-R CAGCTTCGCGTCACGCTTGAAGCCGTGCAGTTG MjYcaO-R278A-F CAACTGCACGGCTTCGCACGTGACGCGAAGCTG MjYcaO-R278A-R CAGCTTCGCGTCACGTGCGAAGCCGTGCAGTTG MjYcaO-R278D-F TGCACGGCTTCGATCGTGACGCGAAGCTGCGTGAGGAATTTAC MjYcaO-R278D-R TTCGCGTCACGATCGAAGCCGTGCAGTTGGCTCGCACGGC MjYcaO-W303A-F TTCACCGTAAAGCGTTCGAGTTTGAAGGCGAGATCAACATTG MjYcaO-W303A-R TCAAACTCGAACGCTTTACGGTGAATACGCTTCAGACGCTC MjYcaO-T366F-F CATTCCGAAAATGGAAGTGTATTTCATTGACCGTGACCGTCTGAGCCG MjYcaO-T366F-R CGGCTCAGACGGTCACGGTCAATGAAATACACTTCCATTTTCGGAATG MjYcaO-I367F-F CCGAAAATGGAAGTGTATACCTTTGACCGTGACCGTCTGAGCCG MjYcaO-I367F-R CGGCTCAGACGGTCACGGTCAAAGGTATACACTTCCATTTTCGG MjYcaO-I367W-F CCGAAAATGGAAGTGTATACCTGGGACCGTGACCGTCTGAGCCG MjYcaO-I367W-R CGGCTCAGACGGTCACGGTCCCAGGTATACACTTCCATTTTCGG MjYcaO-I367Y-F CCGAAAATGGAAGTGTATACCTACGACCGTGACCGTCTGAGCCG MjYcaO-I367Y-R CGGCTCAGACGGTCACGGTCGTAGGTATACACTTCCATTTTCGG MJ-11mer-R(-5)A-F CGACAAGCTTAGCCCTCGGCTTCTACGGTTACGACCTGCAG MJ-11mer-R(-5)A-R TAGAAGCCGAGGGCTAAGCTTGTCGACTCGAGGGATCCGGA MJ-11mer-L(-4)A-F CAAGCTTACGCGCCGGCTTCTACGGTTACGACCTGCAGGAC MJ-11mer-L(-4)A-R CCGTAGAAGCCGGCGCGTAAGCTTGTCGACTCGAGGGATCC MJ-11mer-G(-3)A-F GCTTACGCCTCGCCTTCTACGGTTACGACCTGCAGGACGCG MJ-11mer-G(-3)A-R TAACCGTAGAAGGCGAGGCGTAAGCTTGTCGACTCGAGGGA MJ-11mer-F(-2)A-F TACGCCTCGGCGCCTACGGTTACGACCTGCAGGACGCGGCCGCACTCGAG MJ-11mer-F(-2)A-R TCCTGCAGGTCGTAACCGTAGGCGCCGAGGCGTAAGCTTGTCGACTCGAG MJ-11mer-Y(-1)A-F GCCTCGGCTTCGCCGGTTACGACCTGCAGGACGCGGCCGCACTCGAG MJ-11mer-Y(-1)A-R TCCTGCAGGTCGTAACCGGCGAAGCCGAGGCGTAAGCTTGTCGACTC MJ-11mer-G(0)A-F GCCTCGGCTTCTACGCGTACGACCTGCAGGACGCGGCCGCACTCGAG MJ-11mer-G(0)A-R TCCTGCAGGTCGTACGCGTAGAAGCCGAGGCGTAAGCTTGTCGACTC MJ-11mer-Y(+1)A-F GCCTCGGCTTCTACGGTGCCGACCTGCAGGACGCGGCCGCACTCGAG MJ-11mer-Y(+1)A-R TCCTGCAGGTCGGCACCGTAGAAGCCGAGGCGTAAGCTTGTCGACTC MJ-11mer-D(+2)A-F GCCTCGGCTTCTACGGTTACGCCCTGCAGGACGCGGCCGCACTCGAGCAC MJ-11mer-D(+2)A-R GCGTCCTGCAGGGCGTAACCGTAGAAGCCGAGGCGTAAGCTTGTCGACTC MJ-11mer-L(+3)A-F ACGGTTACGACGCGCAGGACGCGGCCGCACTCGAGCACCAC MJ-11mer-L(+3)A-R GCCGCGTCCTGCGCGTCGTAACCGTAGAAGCCGAGGCGTAAG MJ-11mer-Q(+4)A-F GTTACGACCTGGCGGACGCGGCCGCACTCGAGCACCACCAC MJ-11mer-Q(+4)A-R GCGGCCGCGTCCGCCAGGTCGTAACCGTAGAAGCCGAGGCG MJ-11mer-D(+5)A-F ACGACCTGCAGGCCGCGGCCGCACTCGAGCACCACCACCAC MJ-11mer-D(+5)A-R AGTGCGGCCGCGGCCTGCAGGTCGTAACCGTAGAAGCCGAG MJ-11mer-Y(+1)C-F GCCTCGGCTTCTACGGTTGCGACCTGCAGGACGCGGCCGCACTCGAG MJ-11mer-Y(+1)C-R TCCTGCAGGTCGCAACCGTAGAAGCCGAGGCGTAAGCTTGTCGACTC
